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ABSTRAC T

M e a s u r e m e n t s  of the  s t r e a m w i s e  ve loc i ty  c o m p o n e n t  and  t h e

j c o n c e n t r a t i o n  of h e l i u m  a r e  made in a t w o - d i m e n s i o n a l  h e l i u m  j e t
d i s c h a r g ing  i n t o a m o v i n g  a i r s t r e a m.  The  t r a n s v e r s e  d i s t r i b u t io n
of t he  u n c o n d i t i o n ed  and c o n d i t i o n e d  s t a t i s t i c s  of the  v e l o c i t y  and
h e l i u m  c o n c e n t r a ti o n  at  v a r i o u s  d o w n s t r e a m  p o s i t i o n s  ar e  p r e s e n t e d .
In a d d i t i o n  r an t .~e c o n d i t i o n e d  poin t  s t a t i s t i c s  p r ov ide  i n f o r m a t i o n  on
t h e  s t r u c t u r e  of t u r b u l e n t  zones  of v a r i o u s  d u r a t i o n s .

The  g r o s s  p r o p e r t i e s  of the  j e t  a g r e e  wit h  p r e v i o u s  data .
E n t r a i n m e n t  is fo u n d  to o c c u r  on the l eeward  ed ges of the t u r b u l e n t
zones ;  b e c a u s e  the  t u r b ul e n t  f lu id  is m o v i n g  f a s t e r  than  the  e x t er n a l
s t r e a m  t h e s e  edges a r e  on the  u p s t r e a m  end of the  zones .  The
i n t e r f a c e s  as g iven  by the  v e l o c i t y  and  c o n c e n t r a t i o n  canno t  be
d i s t i n g u i s h e d  and  a r e  found  to he r e l a t i v e ly t h i c k e r  t h a n  p r e v i o u s ly
m e a s u r e d  t e m p e r a t u r e  i n t e r f a c e s .
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I .  I N !  R O I ) t  ( l I O N

It is w i d e l y r -  o c n i i e d  t h a t  m~~;t s u r e n ~en t S  of p a s s i v e  sc a l a r s

p r o v i d e  \ i l U t  ) I (  i n f o r r n a t  ion on t h e  p r o p e  r t i e s  ‘ f  t u r b u l e n t  shea r

f l o w s .  A c c o r d i n g l y ,  i t  i~ s o m e w h a t  s u r p r i s i n g  t h a t  t h e r e  a p p e ar  to

be no  data  on p a s s iv e  s c a l a r s  in t h e  f u n d a m en t a l l y im p o r t a n t  f low

w h i c h  r e s u l I s  f r o m  a t w o -d i m e n s i o n a l  je t  i s s u i n g  in to  a m o v i n g

s t r e a m .  In t h i s  p a p e r  we p r e s e n t  data on th e  st r e a m wi s e  v e l o c i t y

a n d  h e l i u m  c o n c e n t r a t i o n  in a t w o - d i m e n s i on a l  h e l i u m  j e t  dis-

c h a rg i n t ~ i n t o  an  a i r s t  r eam.  The m e a s ur e m e n t s  a r e  su f f i c i e n t l y

d o w n s t re a m  f r o m  t h e  e x i t  p lane of t h e  j e t  so t h a t  onl y small  con-

c e n t r a t  ions of h e l i u m  a r e  invo lved  and so t h a t  t h e  h e l iu m  may  be

t r e a t e d  as p a s s i v e .

T h e  v e l o c i t y  in t w o - d i m e n si o n a l  j e t s  in a m o v i n g  s t r e am  has

b een  w i d e l y i n v e s t i g a t e d .  R o d i
1 

p r o v i d e s  a v a l u a b l e  c r i t i c a l

a s s e s s m en t  of a v a i l ab l e  v e l o c i t y  data on a v a r i e t y  of l o w - s p e e d

t u r b u l e n t  shea r f l o w s ;  w i t h  r e s p e c t  to the  t w o - d i m e n si o n a l  j e t  in

t h e  m o v i n g  s t r e a m  he c i t e s  the  r e s u l t s  of W e i n s t e i n  et al .  , 
2

B r a d hu r y  and R i l e y ,  and E v er i t t
4 

but  c o n cl u d e s  t h a t  t h e r e  a r e

no m e a s u r em e n t s  s u f f i c i e n t l y f a r  d o w n s t r e am  so t h a t  flow s imi-

l a r i t y  is a c h i e v e d .  R e l a t i v e  to a d i f f e r e n t  flow , t h e  t w o — d i m e n s i o n a l

j e t  d i s c h a r g i n g  i n t o  a q u i e s c e n t  a m b i e nt , K o t s o v in o s
5 

o b s e r v e s

r e c e n t l y t h a t  t h e  d i s c  r e p a n c y  a m o n g  t h e  da ta  f o r  s uc h  j o t s  can he

— —~~ — —~~
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R o ( I t  c o n c l u d e s  t h a t  no a v a i l a b l e  da ta  on t h e  t w o — d i m e n s i o n a l

j e t  in  a m o v i n g  s t r ea m  h a v e  e x t e n d e d  f a r  e n o u g h d o w n s t r e a m  to app l y

to t h i s  t h i  r t l  r e g i o n .  In a t t e m p t i n g  to r e d u c e  o u r  m e a s u r e m e n t s  to

s i m i l a r i t y  f o r m , we  f i n d  t h a t  in  s e v e r a l  r e s p e c t s  o u r  da ta  do not

ag ret ’  w i t h  t h e i r  we l l  k n o w n  w ak e  c o un t e  rpa r t s ;  we  r e f e r  p a r t i c u l a r l y

to t h e  g r o s s  b e h a v i o r  a s s oc i a t e d  w i t h  t h e  d e c a y  of t h e  c e n t e r l i n e

v e l o c i t y  and  w i t h  t h e  g r o w t h  of t h e  h a l f - v e l o c i t y  l o c a t i o n .  O t h e r

q u a n t i t i e s  w h i c h i n v o l v e  n o r m a l i z a t i o n  w i t h  r e s p e c t  to c e n t e r l i n e

v a l u e s , e . g . ,  a r e  c o m p a r a b l e  to f a r - w a k e  r e s u l t s .

l ) e s p i t e  t h e  a b s e n c e  of s t r i c t  s i m i l a r i ty ,  we f i n d  it  c o n v e ni en t

f o r  p u r p o s e s  of data p r e s en t a t i o n  to i d e n t i f y an a p p a r e n t  v i r t u a l

o r i g in , r e c o g n i z i n g  t ha t  t h i s  is not  t h e  c o r r e c t  v i r t u a l  o r i g in fo r

t h e  t h i r d , f a r - f i e l d  r e g ion.  1 he m o m e n t u m  t h i c k n e s s , w h i c h  is

c o n s t a n t  in wakes  and  j e t s  p r o v i d e d  the  e x t e r n a l  flow has  c o n st a n t

v e l o c i t y ,  is u sed  as a n o n - d i m e n s i o n a l i z i n g  l e n g t h ;  fo r  o u r  c a se

in w h i c h the  i n i t i a l  v e l o c i t y  of t he  h e l i u m  is h i g h e r  t h a n  t h a t  in t he

m o v i n g  s t r e a m , the  a p p r o p r i a t e  d e f i n i t i o n  of m o m e n t u m  t h i c k n e s s

is e = 2 ~~~~~~ 
( U ~~ (u/U~~) - i) dy where the overba r denotes

the usual time-averaged qu a n t i t y  and t h e  n o t a t i o n  is c l e a r  f ro m

Figu re 1.

3
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I I .  A R R A N G C M E N T  A N D  TEC I-INI QC ES OF’ T HE  E X PE R  I M E N ]

in  t h i s  s e c t i o n  we  d e s c r i b e  t h e  f low c o n d i t i o n s  a n d  t h e  e x p c r i -

rn~-at a l  an d data r e d u c t i o n  t e c h n iques  used  in the  p r e s en t  w o r k .

Uesc  r i p t i o n  of t h e  f low

A s y m m e t r i c , a i r f o i l  shaped t u b e  w i t h  a c h o r d  of 5. 14 cm a n d

a m a x i m u m  t h i c k n e s s  of 2. 18 cm is moun ted  a c r o s s  the  w o r k i n g

s e c t i o n  of a l o w - s p e e d  w i n d  t unne l  h a v i n g  a 76 X 76 cm c r o s s  s e c t i o n .

H e l i u m  is i n j e c t e d  at t he  t r a i l i n g  ed ge of the  tube  f r o m  a l ine  of

u n i f o r m  holes  of d i a m e t e r  1 .59  mm and w i t h  a spac ing  of 0 . 2 5 4  cm

b e t w e e n  c e n t e r s .  The h e l i um  is supp lied b y a hank of hi g h p r e s s u r e

bo t t l e s , hea t ed  to w i t h i n  1 .5 °C of the  a i r s t r e a m  t e m p e r a t u r e  p r i o r

to b e i n g  i n t r o d u c e d  at bo th  ends of the a i r f o i l  tube , and d i s t r i b u t e d

w i t h i n  the  a i r f o i l  b y a p e r f o r a t e d  inne r  tube  of 9. 52 mm d i a m e t e r .

A t e m p e r a t u r e  p robe  at one end of the  a i r f o i l  p rov ides  the s e n s o r

f o r  the  con t ro l  of the hel ium hea t e r .

T h e  ve loc i t y ,  U , and t u rbu l enc e level  in the f r e e  s t r eam

a r e  4. 6 ± 0 .06  m/ s  and less  tha n 0. 07% r e s p e c t i v e ly.  The  i n i t i a l

je t  v e l o c i ty  U . is abou t  85 r n/ s  as e s t ima ted  f r o m  the m o m e n t u m

t h i c k n e s s .

4
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P r o b e  a n d  ~‘-~i i p p O r t

V d o e  i t v  ~ nd c o n c e n t r a t io n  me a s u  c e m e n t s  a r e  made  w i t h  a two-

s e n s o r  p r o b e  s i m i l a r to t h a t  d e s cr i b e d  in Way and L i b b y
6 

and L a R u e

and  L ibb y.  ‘ B r i e f l y ,  t he  p r o b e  co n s i s t s  of a hot f i l m  normal  to t h e

f low and  a h o t -~ i r e  in t he  t h e rm a l  f i e l d  of t he  f i lm .

A s t a n d a r d  h e i g ht g a u g e , r e s t i n g  on the  f loor  of t he  t u n n e l , is

u s e d  to s u p p o r t  t h e  p r o b e  to an a c c u r a c y  of 2. 5 ( l 0 )
_ 2  

mm. V e r t i c a l

t r a v e r s e s  a c r o s s  t h e  j e t  a r e  made at f o ur  s t r e a m w i s e  loca t ions  cor-

r e s p o nd i nc  to v a l u e s  of the  x - c o o r d in a t e  m e a s ur e d  f rom the  t r a i l i n g

P1 10 t u b i , of x 43 , 87 , 131 , and 174 cm.

f r e q u e n c y  r e s po n s e  of t he  p r o b e  is e s t ima t ed  to be at

h a s t  ~00 Hz on the  b a s i s  of m e a su r e m e n t s  oct a s imi la r p r obe  b y

L a R u e  and L ibb y.  The  spat ia l  r e s o l u t i o n  co r r e s p o n d s  to a r e c t a n g le

norma l  to the  flow of 0 . 2 5  X 0. 5 mm; the  l o n g e s t  s ide of the  r e c t a n g le

is about  3-4 t i m e s  the e st i m a t e d  Ko l m o g or o f f  l e n g t h .

P robe  C a l i b r a t i o n

The  p robe  is c a l i br a t e d  in a c a l i b r a t i o n  j e t  i n s t a l l e d  t e m p o r a r i ly —

in  t h e  w i n d  t u n n e l  at v e l o c i t i e s  w i t h i n  t h e  expec ted  r a n g e  of v e l o c i t i e s

in t he  t u r b u l e n t  j e t , n a m e l y f r o m  f o u r  to twe lve  r n / s  and at f i v e

h e l i u m - a i r  m i x tu r e s  w i t h  h e l i u m  mass  f r ac t i o n s  of 0 , 0 . 0 19 ,  0 .04 ) ,

0 . 0 8 7 , and 0 . 2 03 .  ‘1 he  c a l i b r i t i o n  t e c h n i q ue s  a r t ’  e s s e n t i a l ly t h o s e

d e s c r i b e d  in L aR u e  and L i b b y ’ an d  St a n f o r d  and  L i b b y
8 

f o r  t h e
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I 1 t r m i n a t i o n  of u — c  p a i r s  f r o m  a d i g i ta l  p a i r  of v o l t a g e s  f r o m  t h e

t i l n ~ a n d  w i r e .

) a t t  C o l l e c t i o n  a n d  R e d u c t i o n

Bo th  c a l i b r a t i o n  a n d  t u r b u l e n t  data a r e  p r o c e s s e d  b y an A L)C

h a v i n c  t w e l v e  h i t  r e s o l u t i o n  and r e c o r d e d  on d i g i t a l  t ape  at a sample

r a t e  of 2086 samp les  per  second  per  c h a n n e l .  At  e a c h  p r o b e  p o s i t i o n

30 s e c o n d s  of data a r e  r e c o r d e d;  f o r  t he  u n c o n d i t i o n e d  and zone

a v e ra g e s  p r e s e n t e d  h e r e  onl y ten s econds  of data a r e  used , h u t

r a n - 5  - c o n d i t i o n e d , po in t  s t a t i s t i c s  r e q u i r e  all t h i r t y  s econds  of

da ta  in o r d e r  to o b t a i n  adequa t e  s t a t i s t i c s  even  for  the  m e a n  v a l u e s

ant i  lowes t  m o m e n t s .  To make  p o s s i b l e  f u t u r e  data r e d u c t i o n , the

si gna ls  f r o m  the  s e n so r s  and  t h e i r  d e r i v a t i v e s  a r e  r e c o r d e d  on a

Hon eywel l  7610  FM i n s t r u m e n t a t i o n  tape at 15 ips .

C o n s i d e r  the  data r e d u c t i o n  t e c h n i que;  let  X deno te  the  sq u a r e

of t he  vo l t age  f r o m  the normal  f i l m  and Y the  s q u a r e  of t he  vo l tage

f r o m  the  w i r e .  The  mass  f r a c t i o n  of he l i um is ob t a ined  f r o m  a
n= 2

pol ynomia l of the  fo rm c = ‘ A ( Y )  X~’~ where the A
n 0

c o e f f i c i e n t s  a r e  t a k e n  to be t h i r d - o r d e r  pol y n o m i a l s  in t he  i n d i c a t e d

v a r i a b l e  and a r e  based on the  c a l i b r a t i o n  data . W i t h  c d e t e r m i n e d

f o r  a X-Y p a i r  of v o l t a g e s , the  u - v e l o c i t y  c o m p o n e n t  is o b t a i n e d
n 2

f r o m  a n o t h e r  pol y n o m i a l  of the  f o r m  X = B
n

(c)  ~
n 

w h e r e  the
n 0

B a r e  second o r d e r  pol y no m i a l s  in the  i n d i c a t e d  v a r i a b l e .

6
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M e a i s u  r e s  of ~~~ ii r a y

A s  p a r t  of t h e  a s s e s s m e n t  of e x p e r i m e n t a l  e r r o r s , r n e a s u r - -

m er ~ts  a r e  macic to d e t e r m i n e  t h e  s e n s i t i v i t y  of t h e  p r o b e  to v a r i a t i o n s

in t e m p e r a t u r e .  It is f o u n d  t h a t  at  low h e l i u m  c o n c e n t r a t i o n s  a n d

a t  v e l o c i t i e s  u p  to a b o u t  f i v e  r n / s  a t w o — d e g r e e  c h a n g e  in t e m p e r a t u r

l eads  to e r r o r s  of 3 ( l 0 ) ~~~ in c on c e n t r a t i o n  and  of 20 c m / s  in v e lo c i t y .

A c c o r d i n g ly ,  as noted e a r l i e r , t h e  t e m p e r a t u r e  of t he  h e l i u m  is

m a i n t a i n ed  w i t h i n  1 .5 °C of t he  a i r s t r e a m  t e m p e r a t ur e .

i~ nown v a l u e s  of v e l o c i t y  and c o n c e n t r a t i o n  f o r  t he  c a l i b r a t i o n

data  p r o v i d e  a m e a n s  of e v a l u a t i n g  the  e r r o r  in t he  pol y n o m i a l

i nv e r s i o n  s c h e m e s .  C a l i b r a t i o n  data c o r r e s p o n d i n g  to 4 .0  r n / s  u K

8 .0  m / s  and 0 .0  � c < 0 . 0 5  r e s u l t  in m a x i m u m  mean  and  R M S  e r ro r s

of ± 0 . 0 7  r n / s  and ± 0 . 0 5  r n / s  r e s p e c t i v e ly fo r  ve loc i t y and 6 ( l O ’ i 
-

and ± 8 ( l 0 ) ~~~ r e s p e c t i v e ly fo r  c o n c e n t r a t i o n .

D e t e r m i n a t i o n  of t he  In t e r m i t t en i c y  F u n c t i o n

The  h e l i u m  c o n c e n t r a t i o n  is u s e d  to d i s c r i m i n a t e  b e t w e e n

tu rbulent and irrotational fluid. Althoug h the w i n d  t u n n e l  is o p e r a t e d

in an open f a s h i o n , a s l i g ht i n c r e a s e  in the  back g r o u n d  h e l i u m  con-

c e n t r a t i o n  i s  d e t e c t e d  by the  p r o b e  d u r i n g  su c c e s s i v e  m e a s u r e m e n t s

at each  d o w n s t r e a m  m e a s u r i n g  s t a t i o n .  Fi g u r e s  2a-c show t h e

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  c o n c e n t r a t i o n  a t  v a r i o u s  d o w n s tr e a m

and t r a n s v e r s e  l o c a t i o n s .  Th e  peak of t h e  s p i k e  on t h e  l e f t  of e ach  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
_ - —

~~~ ~~~~~~~~~~~
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( l i S t  r~ b t i t i o r i  i s  t a k e n  as  t h e  l e v e l  of t h e  h e l i u m  in  ~~o’ e~; i e r n a l  h ow

d u e  t o  c o n t a m i n a t i o n .  I he t h i c k ne s s  of t h e  sp i k e  is as  SOc i a t e d  w i t h

a -~- a r i c t ’  of e f f e c t s :  ex p e r ir n c al i n a c c u r a c i e s , sp u r i u ~1s f l u  t u a t l o n . s

i n  h e l i u m  coni c en t  r a t  ion in t h e  e - -_ t e  m l  f I  ov. - , a n d  c o nt  c i  b i t i o n s  f ro n i

t l i t ~ i n t e  r f a c e s  b e t w e e n  t u r b u l e n t  and  i r r o t a t io n a l  f l u i d .  O u r  exp l a n a t i o n

f r  h e  inc r e a s e  in a p p ar e n t  h e l i u m  c o n c en t  r a t i o n  in t h e  e x t e r n a l  f l ay .

is  c o n s i s t e n t  w i t h  t h e  Oij S e  r - ced inc r e a s e  in t he  peak  v a l u e  of t h e  pcl f s

a t a g i v e n  d o w n s t r e a m  m e a s u r i n g  s t a t i o n  as t h e  p r o b e  is moved

s e q - : e n t i a l l y t h r o u g h the  j e t .

In F i gu r e s  3 a- b  we  i n d i c a t e  the  i n f l u e n c e  on t~ i n t e r m i t t e n c y

a n d  c r o s s  i n c  f r e qu e n c i e s  of v a r i o u s  inc r e r n e n t s  a b o v e  the  peak

v a l u e .  \~ e no te  t h a t  a t  p r o b e  p o s i t i o n s  c o r re s p o n d i ng  to v a l u e s  of

u . S a low t h r e s h o l d  v a l u e  i n c r e a s e s  the  a p p a r e n t  i n t e rm i t t e n cy

a n d  c r o s s i n g  f r e q u e n cy  w h i l e  in r eg ions  of Y > 0. 50 a low t h r e s h o l d

‘- a lu e  inc  r e ase s  t h e  i n t e r m i t t e n cy  and d e c r e a s e s  the  c r o s s i n g

f r e q u e n c y .  On t h e  b a s i s  of t h e s e  v a r i a t i o n s  we  h a v e  s e l e c t ed  a

t h r e s h o l d  0 . 0 0 1  g r e a t e r  t h a n  the  peak va lue  as i n d i c at e d  b y t h e

s h a d e d  s y m b o l s .  N o t e  t h a t  t h e s e  v a l u e s  a r e  in t he  r a n g e  of c in

w h i c h  the  i n t e r m i t t e n c y  and c r o s s i n g  f r e q u e n c y a r e  r e l a t i v e l y

i n s e n s i t i v e  to c -I

8
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In t h i s  s e c t i o n  w e  c o m p ar e  o u r  r e s ul t s  f o r  t h e  d e v e l o p m e n t

of t h e  j e t  w i t h  ea i-lie r e x p e r i m e n t s  and t h e n  p r e s e n t  ou r  r e s u l t s

in  t c  mni l s  of u n c o n d i t i o n e d  a n d  c a n d i t i on i e d  s t a t i s t ic s .  F i r s t  t h e

l o c a t i o n  of t h e  f l u i d - d y n am i c  c e n t e r l i n e  and the  l oca t i on  of t h e

a p p a r e n t  v i r t u a l  o r i g in a r e  d i s c u s s e d .

-1

F l u i d - d y n a m i c  C e n t er l i n e  
—

T h e  y _ c o o r d i n a t e  u s e d  in o u r  data p r e s e n t a t i o n  r e l a t e s  to t~’ie

normal distance from a fluid m e c h a n i c a l  c e n t e r l in e  w h i c h  can  d e v i a t e

f r o m  t h e  g e o m e t r i c  c e n te r l i n e  clue to sl i g ht  b u o y a n c y  e f f e c t s :  t h e se

a r e  e x p e c t e d  to a r i s e  ir~ an i n t e r m e d i a t e  d o w n st r e a m  l o c a t i o n  w h e r e

the  m a x i m u m  v e l o c i t y  and  m a x i m u m  h e l i u m  c o n c e n t r a ti o n  a r e

d i m i n i s h i n g .  In f a c t  we f i n d  the  c o r r e c t i o n s  to be small .  N e v e r t h e -

less  the  l o c a t i o n  of the  f l u i d  m e c h a n i c a l  c e n t e r l i n e  and the  v a l u e s

of the  m a x i m u m  veloc i ty ,  u (x )  , and of t h e  m a xi m u m  h e l i u m

c o n c - e n t r a t i o n , c ( x ) ,  a r e  d e t e r m i n e d  at  each  st r e a m w i s e
0

l o c a t i o n  b y f i t t i n g  in  a l eas t  s q u a r e  s e n s e  a p ar a b o l a  t h r o u g h at

l eas t  f i v e  s e t s  of data in t he  n e i g h b o r h o o d  of the  c e n t er l i n e .  W e

f i n d  o f f s e t s  of t h e  f l u i d  m e c h a n i c a l  c e n t e r l i n e  fr o m  5. 5 mm a b o v e

to I .  ~ m m  b elow the  geome t  n c  c e nt e  n i ne .

9
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App a  r e n t  \‘ i r t u a l  O r i g i n

1 l i e  a p p ar e n t  v i r t u a l  o r i g i n  t a r  he  f I u y ~- i s  c a l  l i l a t I - ’ !  ay

a s s u m in g  a s i m i l a r i t y p r o f i l e  of t h e  f o r m  i i  — I t / t o  — I ’

exp  _
~~~v

2 / i x  — x t ) .  At  en s  h ‘I wn~~t r ~- n t n l u  :~t i o n  t h ~ v a l u e ~ of

— — —

— y  / t~C ’; (u — U ) / ( u  — U ) ) . wh e r e  v ii , a n d  1 a n &  n i e a s u r & - ’ i

q u a n t i t i e s  a n d  w h e r e  is c o m p u t e d  as  p a r t  of t in - I l e t e r n l i n a t  on

of t he  f l u i d — d y n a m i c  c e n t e r l i n e , a re  a v e r ag e d  a n d  p ’ o t t e d  as  a f u n 5  l i o n

of x .  I . i k e w i s e  a s i m i l a r i t y  p r o f i l e  f o r  c i s  a s s u me d  a n d  t h e

p r o c e d u re  r e p e a t e d .  A l e a s t  s q u a re  n p p r -. i i n i a t i u n i  i f  t h e  r e s u l t i n g

d i s t r i b u t i o n  s h o w n  in F i g u r e  4 l e a d s  t o  a v i r t u a l  o r i g i n  f o r  ~ c l o i t v

a t  x -~ 1 7 . 8  cm a n d  f o r  c o n c e n t r a t i o n  a t  x I i . 0 ~~~. 1 h ie s &
0 c)

appa r e n t  v i r t u a l  o r i g i n s  ar e  u s e d  in t h e  data p r e s e n t a t i o n .

M o m e n t u m  I h i c k n e s s

T h e  m o m e n t u m  t h i c k n e s s , u s e d  as a n o n — r l i m & - r i s i o n a i i , i n g

l e n g t h , is det e  rm in ed  b y g r a p h i c a l l y in t e g  r a t  in c  sn~ciot bed p r o f i l e s

of ( 0 / p t ( u / C ) ((u/I ) — 1) a c r o s s  t h e  j e t  a t  e ach  d ow n s ’

l o c a t i o n .  -\ l l  of t h e  s t a t i o n i s  y i e ld  v a l u e s  of  ~ w i t h i n  l e ’~ UI  a n

a v e r ag e  v a l u e  of 7 . 1 c m , w h i c h  is u s e d  in  t h e  d a t a  p r e s e n t a t i o n .

I nn~-n s t  r ea m  I ) - ‘ ~ e lu p r n & ’n t

In 1- ’ i g i r c - s  T a — I )  ~~ e O r u p a r e  o ur  r e s u l t s  ( i n  g r o s s  j e t

i o n  ~ i t h  e n n l j t ’ r  i , t e a s i n t ’n ~& n t s ; n d  w i t h  l b  t h t’ ¼ 5 !

I t )
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a n t i  je t s  ba sed  on fa i’ - f i e l d  a p p r o x i m a t io n s .  The  s t a n d a r d

p r e s e n t a t i o n  of g r o s s  b e h a v i o r  i n v o l v e s  t h e  va r i a t i o n  w i t h  l x  — x

of t h e  c e n t e r l i n e  veloc  i ty  in t he  f o r m  (u / (u  - 
2 

a n d  t h e  

ou

v a r i a t i o n  of t he  h a l f - wi d t h , i . e . ,  the  v a l u e  of t h e  y - c o o r di n a t e  w h e r e

the v e l o c i t y  exce s s  is o n e - h a l f  i ts  c e n t e r l i n e  va lue , in the  f o r m

(ö~~/~~)
’ 

. In F i g u r e  5a - h we c o m p a r e  our  r e s ul t s  w i t h  t hose  of

w e i n s t e in  et a l .  
2 and of B r a db u r y  and R i l e y .  T h e  t h r e e  se t s  of

c-lata a r e  in r e a so n a b l e  a g r e e m e n t  w i t h i n  t he  c o n t e x t  of the  s e n si t i v i t y

of j e t  data to a v a r i e t y  of flow e f f e c t s .  We also show on t h e s e

f i g u r e s  t he  t h e o r y  f o r  t he  f a r  f i e l d  of w a k e s  and j e t s  ( c f . , e . g . ,

S c hl i c : h t i n g
9 

and Libb y ~~~ based  on the  e x p e r i m e n t a l ly d e t e r m i n e d

a p p a r e n t  o r i g in.  The  c o n s i d e r a b l e  d i s c r e p a n c y  is noied .  T h u s  as

i n d i c a t e d  e a r l i e r  we have  a n o t h e r  example  of a p p a r e n t  bu t  f a u l t y

s i m i l a r i t y .  We note  t h a t  in o r d e r  to b r i n g  o ur  e x p e r i m e n t a l  data

i n t o  ac~ o r d  w i t h  t he  f a r - f i el d  t h e o ry  we would require an un-

r e a s o n a b l e  x , namely 53 cm.  F i n a l l y ,  we note  t h a t  in o r d er
ou

f o r  us  to o b t a i n  farther d o w n s t r e a m  data  w i t h o u t  c o m pr o m i s i n g

excessivel y t h e  t w o - d i m e n s i o n a l i t y  of t h e  j e t  wo u l d  r e q u i r e  a

r e d uce d  momentum thickness, i. e., a r e d u c e d  i n i t i a l  v e l o c i ty  at

t b 5  i t  e x i t .

In l - i i ~n r e s  e n — b  we com pa re t h e  g r oss b e h a v i o r  of t h e  v e l o c i t y

a n t i  u n c e n t  r a t i o n .  I he m e a n  c o n c e n t r a t i o n  of h e l i u m  on the

c e n t e r l i n e  d e c a y s  m or e  r ap id l y a n d  t h e  h a l f — w i d t h  ba sed  on a

Ii
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m e a n  I n - h u m  c on c e n t r a t i o n  e q u a l  to one  h a l f  i t s  c - n t - r h i n e  y~i l u -  s

f o u n l to  g r o w  m o r e  r a p i d l y t h a n  t h e  u i r c ’ s p u n d i i i c ’  q i r i t i l i i - s

a s soc i a t e d  w i t h  t h e  v e l o c i t y .  1 h e se  ; r c  e x p e L t e  r e s u l ’ s , n ow

u n d e r s t o o d  to  be a s s o c i a t e d  w i t h  t h e  r e l a t i v e l 1 h i g h  I e e e !  of a s c a l a

in  t h e  t u r b u l e n t  f l u i d  f a n  f r o m  th e  c e n t e r l i n e .  J bc d i f f e r e n c ’ fl i t

b e h a v i o r  of t h e  t w o  q u a n t i t i e s , ve l o c i t y  a n t i  s ca l a  r c o r i ~ n t  r a t i o n .

is u n d o u b t e d l y t in e  to t h e  i n f l u e n c e  of t h e  p r e s s u r e  on t b t  f o r m er

and to the  a b s e n c e of a c o r r e s p o n d i ng  d i s t r d i t i n g  f o r c e  on t h e

I a t t e r .

In t e r m i t t e ncy  F a c t o r  an n )  ( r o s si n g  F r e q u e n c y

T h e  d i s t r i b u t i o n s  of t h e  i n t e r m i t t e n c y  f a c t o r  and of t h e  c r o s s i n g

f r e q u e n c y  a r e  show n in F i g u r e s  7 and 8. T h e  peak  in t h e  c r o s s i n g

frequency near y / (~ — x )  0 )
‘ = 0 . 3 2  c o r r e s p o n d s  t o  t h e y! (x-x )0

l o c a t i o n  w h e r e  t h e  i n t e r r n i t t e n c y  f a c t o r  e q u a l s  0. 50 , as  g e n e r a l ly

e x p e c t e d .  N o t e  t h a t  we h a v e  n o n — d i m e n s i o n a l i z e d  t h e  c r o s s i n g

f r e q u e n c y  so as to fo rm a S t r o u h a l  n u m b e r  by i n t r o d u c i n g  t h e

c h a r a c t e r i s t i c  l e n g t h  and C : t h e  r e s u l t i n g  co i ’ r e l a t i on  of 1 h i ’  t l a t . i

f r o m  v a r i o u s  s t r e a m w i s e  s t a t i o n s  is c o n s i d er e d  s a t i  s t i i c t O  r y .

- ne ond i t i o n e d  and  Z o n e  S t a t i s t i c s

I n c o n d i t i o n e d  a n d  t u r b u l e n t  , o n ( -  m e a n , roo t  m e an  sc~u a r e .

sk ewn ess a n d  k u r t o s i s  d i s t  r i h i i t  i o n s  f o r  t h e  c - l u  i t s -  a i d  u ln e i l t  r a t  t o n

- — -5-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5 - - —  ~~~~~~~~ - - - -_ — - 5 - — —~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



_ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

it r e  s ho~~-n  in  Fi g u r e s  9 a — d  an t i  l O a — t l , w h e r e  s y m bo l s  r e p r e s e n t i n g

q u a n t  i t  i t -s in  t h e -  lii  r b u l e n t  z on e s  a r e  f l a g g e d .  The  c o r r e s p o n d i n g

t i t  ta fu r  t h e  ~ eIoe  i ty  in t h e  n o n — t u  n i ) u l e n t  z o n e s  a r e  show n in

r es  I I n  -ml . i le  re  we adopt  t h e  n o t a t i o n  of K o v a s z a n y  et ~~ I I

I h i m a t u r b u l e n t  z o n e  a v er a g e , ari d ( f o r  a n o n — t u r b u l e n t ,

i .  e . • i r ro t a t i o n a l , z o n e  ave  r a g e .

We d i s c u s s  some of t h e  in t e  r i -- s t i n g  r e s u l t s  show n in  t h i s

h a r g  n um b e r  of f i g u r e s ,  C o n s i d e r  f i r s t  he  d i s t r i b u t i o n s  of mean

v e l o c  its - : I - i  g o r e  9a i n d ic a t e s  t h a t  t h e  t u r b u l e n t  f l u i d  mo v e s  f a s t e r

t h a n  tb  e ’ c t e n i a l  a i r s tr e a m .  In  f a c t  e xc e p t  f o r  one data  po in t  at
/ 

1~
y ~ (x  - x 1 0 0 .4 3 , w h i c h  may  be in s l i g ht  e r r o r , t he

(JU

v e l o c i t y  w i t h i n  t h e  t u r b u l e n t  f l u i d  at  t h e  edge  of the  j e t  m o v e s

f a s t e r  han  C w i t h  a n  inc  r em e n t  of a b o u t  f i v e  p e r c e n t  of t h e

m a x i m ur r ’  v e l o c i t y  d i f f e r e n c e .  C lo s e  to t h e  j e t  c e n t er l i n e  t h e

v e l o c i t y  in t h e  i n  r o t a t io n a l  zones  is hi g h e r  t h a n  U , s u g g e s t i n g

t h a t  t h e  t u r h u ~er.t f l u i d  c a r r i e s  a l o n g  the  air between  the  large

t i r b u l e n t  s t ru c t u r e s .  N e a r  the  o u t er  edges  of the  j e t , t he  v e l o c i t y

in  t h e  i r r o t a t i on a l  f l u i d  a p p e a r s  to he so m e w h a t  l e s s  t h a n

c o n s i s t e n t  w i t h  m o t i o n  of t he  e x t e rn a l  f low over  t h e  t u r b u l e n t

s t r u c t u r e s .

l b e  v i ew  w h i c h  em e r g e s  f r o m  t h e s e  v e l o c i t y  d i s t r i b u t i o n s  is

in a c c o r d  w i t h  t h a t  g i v e n  b y ~~o v ; l 4 z a n y  et a h .  f o r  t h e  t u r b i i l e t l

)oil nr l a  ry  l a y c ’ r a nih b y Fa h r is 
I 2 

fo i t h e  t ii r )u l e n t  w i  k e of a c y l m e  r .

13
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I

n b i t  b 0 t I a - sc  r - -S i O t I 5 (  c~t s c-s I h~ - t o  r ho I c - n t  f I  ii d iii v i -  s s I i  ,v t - t I

t h e  e ’i t e r r i a h  f l o w  sit t h a t  , , - I i a ~ i o n  i s  r t - \  c r s & - ’~ b i t  i s  ( j i . ( l i t 1 ’ - . -h,

e o n s i ~~t e n t  w i t h  o u r  r e s u l t s  in  w h i c h  the t i r b u l t - n t  f l u i d  n i o \  i - S  l a s t - i ’

b i n  t h e  t - ’ .J c- r f l i l  st r e a m .

C o n s i d e r  n e x t  ‘h e  d i s t r i b u t i o n s  of t h e  mea n h i - h i m  u n i t • f l t

~t S  s ho~~ n in 1- i g u r e  l O a .  Of pa r t i c u l a r  i n t e n t - s t  i s  t h -  n i - 1 a t i ~ i -k  i t c h

v a l u e  f o r  t I n- a v e r a g e  w i t h i n i  t h e  t u r b u l e n t  f l u i d  nea r t i n -  e O c t - s  ‘ i f

j e t .  In f a c t  t h e  c o n c e n t r a t i o n  w i t h i n  t h e  t u r b u l e n t  f l u i d  a p p - i  r s  t o

a p p r o a c h  a c o n s t a n t  v a l u e  of a b o u t  4 0” -~ of t h e  c e n t e r l i n e  m t - a n  ; i t  t t .

o u t e r  e d g e :  t h i s  is in a g r e e m e n t  w i t h  t h e  r e s u l t s  of 1’ a H r i s  - (  nd  o l

I a i ~ue aci d bb y 
14 

f o r  the t empe  r a t u r t -  in the  ~ ; i g c -  of a h e a t  i d

cy l i n d e r  and  is in c o n t r a s t  w i t h  t h e  b e h a v i o r  of t h e  z o r i t ’  a v e r a g e d

m ean v e l o c i t y .

F i g u r e  9b and  l I b  i n d i c a t e  t h e  data  on thc- i n t e n s i t y  of th i -

~-e loc  i t y  f l u c t u a t i o n s .  On the  c e n t e  rI  inc  of t h e  j e t  we  f i n d

((u ’ 2) /(u — U ))  
-: 0 . 2 7 . T h e r e  is c o n s i d e r a b l e  v a r i a t i o n  a f l h i t n L

the puhl ishecl v a l u e s  f o r  t h i s  r e l a t i v e  i n t e n s i t y  on t h e  c e n t  c m l i  ‘ i t -  of

w a k e s  a nt i  j e t s .  B r a c l b u r y  a n d  R i l e y
3 

i n d i c a t e  t h a t  t h i s  \ a l u c  i n  re  s - s

as  t h e  f a r —  f i e l d  is  a p p r o a c h e d  a n d  bee o nn -  5 i n  nc -a sona  I ) ?  c - a c r i - u  men t

w i t h  t h e  co r r e s p o n d i n g  v a l u e  g i v e n  b y I o w ns en d  fo r  t h i -  ~ a t< e i t  i

cy l i n d e r , n a m e l y 0 . ~~~~~~ U ow e v - r , E a b r i s ~~~ g i v e s  0. ~~ lo t  t h i s S a n t e

q u a n t i t y  in  t i n -  w a k e  of a cy l i n d e r .  - l h u s , w h i l t -  o u r  t a l i c  i s  son  e —

w h a t  h i g h , i t  is n ot  i n c o n s i s t e n t  v i t h  p r e v i o u s  t i n - i s t l r e i ) l e n t s .

I 4
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-l he m U s t  r i I ) t i t  i o n s  of r e h a t  i v c ’ i n t e n s i t y of t h e  v e l o c i t y  f l u c t u a t i o n s

a c ro s s  t h e  j i - t  h a v e  t h e  expected beha vior; the peak intensity occurs

o f f — a x i s  h u t  in  f tc - r eg ion of t h e  j e t  w i t h  a l m o s t  fu l l y t u r b u l e n t  f low .

1 hr  i n t e n s i t y  w i t h i n  t he  t u r b u l e n t  f l u i t l  a t  t h e  o u t e r  edge  of t h e  j e t  as

a p e r c e n t  of c e n t e r l i n e  v a l u e  is h i gh , r o u g hl y ô5~~. A l s o  th e  i n t e n s i t y

of t h e  v e l o c i t y  f l u c t u a t i o n s  w i t h i n  t h e  i r r o t a t i o n a l  zo n e s  in  t h e  m i d d l e

of t h e  j e t  is a l so  h i g h bu t  d e c a y s  to low l e v el s  n e a r  the  o ut e r  edge .

1 h e s e  r e s u l t s, w h i c h  a r e  in a c ci ,r d  w i t h  t h o s e  of K o v a sz a n y

et a l .  an t i  1- a b r i s  
12 

f o r  t h e  b o u n d a r y  l a y e r  and cy l i n d e r  w ak e

r e s p e c t i v e l y ,  i n t u i c a t e  t h a t  t h e  o b s e r v e d , w e l l — k n o w n  d e c a y  of i n —

c o n d i t i o n ed  i n t e n s i t i e s  as the  o u t er  e d g e  of a sh e a r  l a y e r  is a p p r o a c h e d

is d u e  la r g t - I v  to t h e  dec r e a s e  in t h e  p e r c e n t ag e  of t ime  t h e  f low is

t u r b u l e n t  and  t h a t  t b -  i n  r o t a t i o n a l  f l u i d  is f a r  f ro m  q u i e s c e n t .

1 he  c o n  r e s p o n d i n g  r e s u l t s  fo r  t h e  i n t e n s i t y  of the f l u c tu a t i o n s

of h e l i u m  cone  e n t  r a t i o n  a r e  show n in 1 - i g u r e  l o b .  On the  c e n t e r l i n e

we f i n d  a r e l a t i v e  i n t e n s i l 1- of 0 . 2 3 ;  t h e r e  a r e  s e v e r a l  se ts  of data

f o r  t h e  r e l a t i v e  i n t e n s i t y  of t e m p er a t u r e  f l u ct u a t i o n s  on t h e  c e n t e r -

l i n e  of t h e  w a k e  of a cy l i n d e r ;  a g a i n  t h er e  is a r a n g e  of ex p e r i m e n t al

v a l u e s .  L a R u e  and  L i bb y
14 

g i v e  0. 2~~. F r e y m u t h  a n d  F h er o i ’5 ‘I .

and  from ~ ab ris we de d u c e  0. ~~~~~ . 1 h u s  our  v a l u e  is w e l l  w i t h i n

t h e  r a n g e  of p r e v i o u s  r e s u l t s .

1 he zu n e  a v i — r a g e d  i n t e n s i t y  of t h e  cone  en t  r a t i o n  f l u e  I oa t  i o n s

a c t  iii h l y i ic r e - a  s c - S  d~~ ross  t h e  j &- t  a rid a ppea rs  t i  a pp ru a c  h -i va  l i i i -

‘s
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31) ‘ b i g h t - i ’ t h a n  a t  t i t e  c e n t e r l i n e ,  1 h i s  i s  in  a g i c -  i t - a  a t  v~ i t t ,

n c - s u i t s  t o n  t e m p t - m a t u r e -  f l u c t u a t i o n s  as g i v e - n  by I . a k i a -  ~~t d L i n -~

b u t  is  l ess  t h a n  t h e  i n c r e a s t -  i n d i c a t e d  b y 1 - a h r i s ~~~ w i l o sc -  r - s i h t s

in  t h i s  r e g a r d  m a y  s u f f e r f r om  i n s u f f i c  i t - n t  s a r i i p la-s f o r  s t i t t i s t i  i i i

r e l i a b i l i t y .

1 h e s c -  r i - s u i t s  on t h c -  i n t e - n s i t y  of t h e  f l u c t u a t i o n s  o t  t h i -  h c - l i ~~~o

cone  en: r a t i o n  i n d i c a t e  t h a t t h e  l i - c a y  of t h e  u n : o n d i t i o n e t l  n t e n s t ’ v

as  t h e -  out  r c - l i c e -  of t h e  j e t  is ap p r o a c h e d  is d u e -  so ic - l y :o t b -  de-

c r e a s e d  p e r c e n t  of t i m e  t h e  f low is t u r b u l e n t  a n d  t h a t  t h e ~ l lu c - l ’ i ~~t i r s

w i t h i n  t h e -  t u r b u l e n t  f l u i d  r e m a i n s  h i  gii th r o u g h o u t  t h e  j i - t .

1 h i -  da t a  on t h e  skee c i-iess and  k u r t o s i s  e-omp l c - t i -  t h e ’  p i t - t i m -

of t h e  s t a t i s t i c a l  bc-h a y  i o n  of t h e -  v ~-1oc it  y a n t i  c o n c e n t  t n t  ion  L i t  a nc

of l ess  i n t e  r e s t .  C ompa r i son  of t h e  d i s t r i b u t i o n s  of t h e -  two
/

q u a n t i t i e s  su g g e s t s  t h a t  t h e y  a r e  d o m i n a t e d  b y t h e  va r i a t i o n  of

t h e  i n t e n s i t i e s .  A l s o  t h e  t i i s t r i b u t i o n s  of s k e w n t - s s  ar i d h u r t o s i s

i n d i c a t e  t h a t  n o w h e r e  in  t h e  j e - t  is  a G a u s s i a n  d i s t r i b u t i o n  a

r e a s o n a b h c -  a p p r o x i m a t i o n .

In c -o ne - l u d i n c  ‘ H~~_~ d i s c u s s i o n  of t h e  u n c o n d i t i o ne d a n d  z o n e -

statisti c s we r e - l i t n t -  t h a t  s oo n-  of t h e  r e - s u I t s  a r -  c omp a  r a b l e  I t

t u a s e  in t h e -  t a r — f i e l d  cif t h i -  ‘~~ i k e- of ;i cy l i n d e r a n d  t h u s  c i t  r r c - sp u n d

ten a p p a r e n t  s i m i l a r l y ,  d e s p i t e -  t h e  e a r l i e r  i n d i c a t i o n  i i i  t e n n i s  of

c r o s s  j e t  be h a v i o r  t h a t  ot i  r n m a s u  r e m e n t s  ( IC ) r iot  c - u i -  r e s pond  t o

C~~~t -  f a r — f i e l d .
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H ac t  g e  c o n d i t i o n e d  p o i n t  s t a t i s t i c s

A p i c t u r e  of t h e  s t r u c t u r e  of t h e  t u r b u l e nt  z o n e s  of v a r i o u s

d u r a t i o n s  c a n  be e - s t ab l i s h e d  b y emp loy ing  a c o n d i t i o n i n g  t e c h n i q u e

w h i c h  we t e r m  r a n g e  c o n d i t i o n e d  p o i n t  st a t i s t i c s .  
14 

T h i s  t e c h n i q u e

was  d e v e l o p e d  i n d e p e n d e n t l y b y A n t o n i a .  
16 

~ ~ u n d e r s t a n d  t h e

t e c h n i q u e  c o n s i d e r  a p o i n t  w i t h i n  t h e  j e t  w h e r e  the  flow is i n t e r -

m i t t t - n t  to a s i g n i f i c a n t  e x t e n t , e . g . ,  w h e r e  )‘ = 0. 5. The time

i n t e r v a l s  f o r  t u r b u l e n t  f l u i d  to pass t h e  po in t  in q u e s t io n  have  a

comp l e t e -  d i s t r i b u t i o n  f r o m  s h o r t  t i m e s  c o r r e s p o n di n g  e i t h e r  to

sma l l  t u r b u l e n t  s t r u c t u r e s  or to g r a z e s  off  t h e  c en t e r p l a n e  of

l a r g e r  s t r u c t u r e s  and to long  t i m e s  c o r r e s p o n d i n g  to passages

t h r o u c h  t h e  c e n t e r of l a r g e  s t r u c t u r e s .  We can  se lec t  a su b s e t  of

t h e s e  p a s s a g e s  5 h a t  a r e  w i t h i n  a s m a l l , s p e c i f i e d  t o l e r a n c e  of a

nomina l d u r a t i o n , can  d i v i d e  t h e  pa s sage  t i m e  into  equa l  t im e

i n t e r v a l s  f r o m  t h e  u p s t r e a m  and d o w n s t r e a m  c ro s s i n g s , and  can

c a r r y  out  s t a t i s t i c a l  ana l y s i s  of t h e  v e l o ci t y  and h e l i u m  concen-

t r a t i o n  a t  t h e s e  t i m e s .  The  r e s u l t  is t e r m e d  r a ng e  c o n d i t i o n € - d

p o i n t  s t a t i s t i c s and  p r o v i d e s  a s t a t i s t i c al  p i c t u r e  of t u r b u l e n t

s t r u c t u r e s  of a g iven  s i z e  p r o v i d e d  the  t i m e  d u r a t i o n s  a r e  con-

v e r t e d  to spa t i a l  d i m e n s i o n s  b y app l i c a t i o n  of Tay lo r ’ s hy p o t h e s i s .

T h e  z o n e  a v e r a g e s  d i s c u s s e d  e a r l i e r  c o r r e s p o n d  to a v e r a g i n g  o v e r

all points within a t u r b u l e n t  s t r u c t u r e  of a g iven  s i z e  and a g a i n

ove r  al l  s i z e s .  It can  he a p p r e c i a t e d  t h a t  b e ca u s e  of t h e -  h e a v y

17
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o u i l i t i , ’ n i n g  i n - : o !v c - d  in  t h i s  t e c h n i q o c -  i - ’ t e n d e - i  i t t  i- i - c t  I s  i i -

r e - q e i i r c -d t o  ~t c h i c - v c -  s t a t i s t  i t  ; i l  r e l i a b i l i t y .  1 - 1 , 1 -  I i i -  p i t - s - i t t  i t  S ( I t S

t h e - i - u a t - c -  a t  1e - a s t  ( ) s i e mp h i s  u s i - d  t o t -  c a - b L i t a  p o i n t .

\ \ e  p re s~ - n t  t i a t a  c o r r c - s p o n d i n c  to  va ,  p o i n t s  w~~’ t i n  h -  i -  a t  - t

s t r € - a m w i s t . - s t a t i o n  c o r r u s p o n t l i n c  t o  ~ — x l  
~ 

) I t . I ;  F i g u r e s  L~

a n d  13 p r e s e n t  t h e  r e s u l t s  f o r  t h e -  c - i - l o s  i t y  a n d  ) n - ] i i l t i  c o t)  e - n t r ; i t ~~i t n  a t

a l a t e r a l  pc s i t i o n  c o r n e - s p o n d i n e  i - s  — x i e  ) 0 . 4 1  v t - r i -

-> 0 .  8o , i .  i n , w h e r e ’  th e -  f le ~ v is  u n h u l e n t  m o s t  ( i f  t h e  t t i i ~~- . I - i g u  r i - s

14 a n d  l~ do l i k e - w i s e  f o r  a l a t e -  r~e h  p o s i t i o n  - o r t - - sp a d i n c  to

/ / - _ _
_

~~~~~ \

y ( ( x  — x e ) = l~~57 w h e r e  ) 0. -~~~~. ~ e - \ i - r~~l : i o n i i n t l
OU /

d u r a t i o n s  at  each s t a t i o n  ~~~t b a I ou - ra n e vt  I ) )  - , a t ~t - c o n s i d e - r - ’ i .

The  t i u r a t i o n s  a r e -  p r e s e n t e d  in t e n n i s  of m u l t i p l e - s  of d i L - i ’ a l l i t ,  t -  s t e -j ) s ;

the - - equal t i m e -  i n t e r v a l s  a i - e m e a s u r e d  n i - l a t i v i -  t o  i - e t h e r t h e  u p s t r t - t n i

on  d o w n s t r e~~rn c r o s s i n g  so t h a t  t he  t o l e r a n c e  a c c e p t e d  f o r  t h e  no f lh i tl ; e l

du i - a t i o n  is a c c o m m o d a t e d  in t h e  c e n t r al  r e g i o n  w h e -  re  t h c -  a n  i011 5

s t a t i s t i c a l  q u a n t i t i e s  a r e  f o u n d  t en c h a n g e -  g r a n i u a  l i v .  1 h e -  d a t a  p o i n t s

b e  ;t t e d  r e l a t i v e  to t h e -  u p s t  r e a m  e d g e  a r e  open sy mb o l s , t h o s e  f t - c e n t  t i l e

d o w n s t r e a m  edge  a r e  h a l f - s h a d e d .  
—

It s h o u l d  be r e - c a l l e d  in  the ’  p r e s€ - n t  c o n t e x t  t h a t  t l i s i - i - i m i n a t i u n

be tween  t u r b u l e n t  and  i r r o t a t i o n a l  f l u i d  is b a s e d  on a b e - v u 1  of h e l i u m

as d i s c u s s e d  e a r l i e r  an t i  t h a t  t h i s  d i s c  r i m i n a t i o n  is a p p i 1 ( 1  t en  t h e

v e l o c i t y  as w e l l .  1 h u s  we  imp l i c i t l y a s su m e -  a s i n g l e ’ t n t  - i  In e - f u n -

m o m e n tu m a n t i  c o f l e e r i t r a t i c i n , a n  a s s e i f l i p t  i on  v i t i s h  w i l l  l t -  S c t l l  l i t e r

H
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to be c o n s i s t e n t  w i t h  t h e  e x p e r i m e nt a l results. Finall y, we no te t hat

in  o r d e r to f a c i l i t at e  i n t e r p r e t a t i o n  of t h e  r e s ul t s  t h e  d i s t r i b u t i o n s  of

v a r i o u s  s t a t i s t i c a l  q u a n ti t i e s  have  been  p r e s e n t e d  w i t h  t he  u p s t r e a m

edges  a l i g n e d .

In Fi g u r e s  IZ a  and I4a we see the  d i s tr i b u t i o n s  of v e l o c i t y  t h r o u g h

t u r b u l e n t  zones  of f o u r  d u r a t i o n s ;  the  da shed  l i nes  on t h e s e  f i g u r e s  is

t h e  v e l o c i t y  in t he  e x t e r n a l  s t r e am .  F r o m  t h e s e  da ta  s eve ra l  obser -

v a t i o n s  may  be made;  the  v e l o c i t y  at the  two i n t e r f a c e s  is c o n t i nu o u s

and  i n c r e a s e s  smooth l y a c ro s s  the  i n t e r f a c e  w ith a s t e e p er  g r a d i e n t

at  the  d o w n s t r e a m  edges .  In t he  c e n t r a l  p o r t i o n  of the  zones , i. e.,

r emote  f r o m  the  i n t er f a c e s , the  v e l o c i t y  i n c r e a s e s  f r o m  the  u p s t r e a m

to the  d o w n s t r e a m  edges , imp ly ing t h a t  the  s t r e t c h i n g  of t he  z o n e s  in

the  s t re a mw i s ’i  d i r e c t i o n  is a s s o c i a t e d  w it h  the m o v e m e n t  of t he  down-

st ream edges  away f r o m  the  u p s tr e a m  ed ges.  T h i s  also s u g g e s t s , as

we shal l  c o n f i r m  l a t e r  in c o n n e c t io n  w i t h  the  r e s u l t s  r e l a t i v e  to t he

c o n c e n t r a t i o n , t h a t  e n t r a i n m en t  of the  s lower  m o v i n g  a i r  o c c u r s

p r imarily on the  u p s t r e a m  ed ges of t h e  zones .  F i n a l l y ,  c o m p a r i s o n

of t he  d i s t r i b u t i o n s  at  t he  two l a t e r a l  p o s i t i o n s  i n d i c a t e s  t ha t  the

shor ter turbulent zones further from the jet centerline have velocities

close to U so tha t the positive increment of the turbulent zone

ave rages over U is due to the large turbulent structures.

The distributions of root-mean-square velocity intensit ies

shown in Fi gu res lZb and l4b indicate smooth gradients at the two

19
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m r i t e - r t , e c - s  ar i d i c - h a t  i v c - l v  f l a t  r e g i o n s  i n  t h e -  c t - n t  m l  p o r t i o n s  t a t  t h e

z o n e - s .  I he c r i e ’ l i e n t s  of i n t e n s i t y  a r e -  g r e a t e r i i i  t h e ’  t l o w n s t r c - a i t i  i - h - _ i s ,

a g a i n  c o n s i s t e n t  w i t h  g r e a t e r  e n t r a i n m e n t  of low v e l O c  i t y  a i m  a t  t h e -

u p s t r e a m  e d g es w i t h  c o n s e q u e n t  h i g h e r i n t e - n s i l t t - s  t h e - r e - .

We t i e ’~ c I - i n n  to t h e  d i s t r i b u t i o n s  of h e l i u m  c o n c e n t  r a t i o n ;

F ig u  res 1 3a and  1 ~;e d i s p lay t h e  d i s t r i b u t i o n s  of me-an  h e l i u m  o n c e - n —

t r a t i o n  t h i - o u g h  t u r b u l e n t  z o n e - s  of v a r i o u s  d u r a t i o n s .  1 h r e e  r e a s o n a b ly

d i s t i n c t  r e g i o n s  in e ach  z o n e  can  be i d e n t i f i e d :  t h e - r i - a r i ’  two  in t e- t h t s  ia l

reg ions i n v o l v i n g  r e l a t i v e l y s t e e p  g r a d i e n t s  of c o n s  c - n t  r a t i o n .  I h e -

s t r u c t u r e  of t h e  ups t  r e a m  i n t e r f a c e s  a r e  es s e n t i a l l  t h e  same i n t l e -

p e n d e n t  of d u r a t i o n  but  t hose  associa ted  w i t h  the  l o n g e r  z o n e s  i n v o l v e -

greater inc reases in c o n c e n t r a t i o n  b e f o r e  f a i r i n g  in to  th e ’  t h i r d , c en t  i-al

r e g i o n .  The  e x t e n t  of t h i s  t h i r d  r eg ion d e p e n d s  on t h e  t i u r a t i o n  of t t o-

zone , but  i n d e p e n d e n t  of d u r a t i o n , d i s p l ay s  a g r a d u a l  inc r e a s e  in

h e l i u m  c o n c e n t r a t i o n  f r o m  the  u p s t r e a m  to t h e  d o w n s t r e a m  i n t e r f a c i a l

r e g ions .

F o r  zones  of l o n g e s t  d u r a t i o n  it a p p e a r s  t h a t  t h e  m e a n  c o n c e — n-

t r a t i o n  a p p r o a c h e s  a c o n s t a n t .  We sha l l  see s u b s e q u e n t ly  t h a t  t h e

s k e w n e s s  of t h e  c o n c e n t r a t i o n  f l u c t u a t i o n s  f o r  t h e s e  z o n e s  of l o ng

d u r a t i o n  s u g g e s t s  a w e l l - s t i r r e d  m i x t u r e  w i t h o u t  t h e  o b v i o u s  p r e s e n c e

of newl y e n t r a i n e d  a i r .  F i na l l y ,  c o m p a r i s o n  of t h e s e -  t w o  f i g u r e s

i n d i c a t e s  l i t t l e  d i f f e r e n c e -  in t h e  d i s t r i b u t i o n s  of m e - a n  c-o n c e - n t  t - , e t i e t n

w i t h  the two values of )‘ c o n s i d e r  c - e l.

20 
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We c o n c l u d e -  f r om  tb - s e - r i t a  t h a t  e n t r a i n m e n t  of a i r  f r o m  the

e x t e r n a l f low o c c u r s  to a g n e - a t e - r  e x t e n t  on t h e  u p s t r e a m  edges  of

t h e  t u r b u l e n t  - o r i c~5. I h i s  s u p p or t s  t h e  o b s e r v a t i o n s  made  e a r l i er

on the basis of t h e  r a n g e - c on d i t i o n e d  p o i n t  s t a t i s t i c s  of t he  v e l o c i t y .

Of spec  ial  i n t e r e s t  is to c o m p a r e  t h e s e  r e s u l t s  w i t h  the  t e m p er a t u r e

m e a s u r e m e n t s  of L aN u e  and L~ hb~~
’
~ w h i c h  imp ly p r e f er e n t i a l

e n t r a i n m e n t  on t h e  d o wn s t r e a m  edges  of t he  t u r b u l e n t  zo n e s .  The-

d i f f e r e n c e  is a t t r ib u t a b l e  to the  d i f f e r e n c e  in t he  v e l o c i t y  of t he

t u r b u l e n t  z o n e s  r e l a t i v e  to t he  e x t e r n a l  flow ; in t he  c a se  of t he  w a k e

t h e  t u r b u l e n t  f l u i d  m o v e s  sl o w e r  t h a n  the  e x t er n a l  s t r e a m  and e n t r a i n -

m e n t  on the  le- ewa rd , i . e . ,  d o w n s t r e a m, s u r f a c e s  of the  t u r bu l e n t

z o n e s  d o m i n a t e s .  In th e  t w o - d i m e n s i o n a l  j e t  c on s i d e r e d  h e r e  the

t u r b u l e n t  f l u i d  moves  f a s t e r  t h a n  t h e  e x t er n a l  s t r e a m  and a g a i n

e n t r a i n m e n t  on the  l e e w ar d  ed ges d o m i n a t e s .  We no te  t ha t  t h e r e

is no t h e o r e t i c a l  exp l a n a t i o n  f o r  t h e s e  r e s u l t s  w h i c h  w o u l d  appea r to

he of f u n d a m e n t a l  i n t e r e s t .

~~ no te  t h a t  t h e s e  o b s er v a t i o n s  c o n c e r n i n g  g r e a t en  e n t r a i n m e n t

at the upst ream interfa cial reg ions do not establish whether the —

e n t r a i n m e n t  m e c h a n i sm  is assoc ia ted  w i t h  en g u l f m e n t  or  molecula r

p r o c ec sc - s .  We would d e d u c e  on the  basi s  of m e a s u r e m e n t s  of t h e

s t a t i s t i c a l  g e o m e tr y  of t h e  i n t e r f a c e  in t h e  t u r b u l e n t  h e a t e d  w a k e  b y

P a i z i s  and S c h wa rt z
t 

a n d  L a R u e  and L ib b y
’8 tha t in our jet  flow t h e

n u m b e r  of o v e r h a n g s  s u g ge s t i v e  of e n g u l fm e n t  is g r e a t e r  on t h e  le ew a r d ,

21-
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. e - . ,  u p s t r e a m , t -
~~~~ g u s  of  t~~, i  t u r b u l e n t  / e n t ’ S , i i ’ w t i -  I i i - t  t i c s

c o i n c i d e - n c  t-  a c c o u n t s  !oi th e - O ’ i S er , c c  p t - i - t e n t - n t  : 1  i - i l l r a i n n n - i ’

u n c e r t a i n .

‘I he- d i s t r i b u t i o n s  of t l ~~- i r l ’ e- n s i t , t ’S of  t h e -  oo, c - n t  r a t i o n

f lu c t u a t i o n s  a r e -  s h o w n  in  l i g a t e -  5 I 3 t )  a n d  I - - I ) .  I h e y  su p p o r t  e t i r

e - a r l i e r  c o n c l u si o n s  c o n c e - r n i n g  e - n t i - a , n r n c n t  a n d  s h o w  s n t o o t h  i n —

c reases in int e-ns ities in t h e ’  t w o  i n t e ’ r f a c i a l  r e g i o n s  an d  g r a d u a l

i n c r e a s e - s f r o m  t h e -  u p s t r e a m  to t h e -  r1o~ - n s t r t - a r n  e d g e - s .

A l t h o u g h  t h e  s t a t i s t i c a l  r e - l i a b i l i t y  m ay  b -  m a r c  i n ~ 1 , w e -  s h e  ew

in i- i g u r e - l 3 c  t h e t  d i s t r i b u t i o n s  of the-  sk e w n e s s  of t h e -  e O f l c t - f l t r , t ; o r )

f l e u -  t u a t i o n s  f o r  t h e  p o s i t i o n  c l o s e - s t  to t h e  j e t  c e n t  c - r u n t - . Of i n t e r e s t

is t h e  la r g€ -  s icew n e ’ss in t h e  two in t e -  r f a e  ia. l r u g  i o n s  a n d  the ’  s m a l l

s k e w n e s s  in t h e  c e n t r a l  p o r t i o n s  of cad — tu r b u l e n t . z o n e .  1 he - im p li-

c a t i o n s  f r o m  t h e s e  da ta  a :  e t h a t  t h e  c e n t r a l  r e g ions  i n v o l v e  ne-a  t - ] v

s y m m e t r i c a l ly d i s t r i b u t e d  v a l u e s  of t he - c o n c e n t r a t i o n  w h e r e - e s  f l i t -

f r e s h l y e n t r a i n e d  f l u i t i  i n v o l v e s  h i g h l y ske -v  cr1 i l i s t  n i - , e i t i e ) n s .  I b e s t ’

t - e s u l t s  a r e  in a g r e e m e n t  w i t h  t h o s e  f o r  t e - n l p e n a t u r e  g i v e - n  i)v

a n d  L ibb y.  
14

An e x a m i n a t i o n  of t h e  i n t e r f a c e -  r eg i o n s  g i v e - n  by t h ~- s~ - t l a t , i

exposes  s e v e r a l  p o i n t s  of i n t e r e - s t .  C o n s i d e r  t i i t ’ l e w n s t r u - ; e  l v i  c t  t i ~ f~i c  I ’S

as g i v e n , c’ . g . , b y the  i n t e n s i t y  of bc v e l o c i t y  f I e i e t u i e t~ e n s  i n  I t g n ” t-

l Z h  and  b y t h e  mean  h e l i u m  c o n c e n t r a t i o n  i n  1 - i g u r e -  I ~~i .  \ V e -  t e e -

t h e  t h i c k n e s s  of the  two i n t e - n f a e - e -  r e g i o n s  i s  e s s e - t t t  a l l y  t b -  s :t n ; , -
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desp i t e ’  t h e  low v a l u e  fo r  t h e  S ch m i d t  n u m b e r  f o r  d i l u t e  h e l i u m  in

h e l i u m - a i r  m i x t ur e s , n a m e l y 0 . 2 4 .  11 m i g h t  he expec ted  tha t  t h i s  low

va lue  w o u l d  lead  to a s i g n i f i c a n t l y t h i c k e r  i n t e r f a c e  f o r  h e l i u m  t h a n  f o r

v e l o c i t y .  We t hu s  a p p e a r  to have  e v i d en c e  in s u p p o r t  of t h e  c o m m o n l y

emp loyed  a s su m p t i o n , f r e q u e n t l y  imp l i c i t , t h a t  t h e  v e l o c i t y  a n d  s a l a r

i n t e r f a c e  I ) e tw e e -n  t h e  t u r b u l e n t  and ir r o t a t i o n a l  f l u i d  a r e  c o i n c i d e n t .

We can  use  t h e  r a n g e  c o n d i t i o n e d  p o in t  s t a t i s t i c s  of t h e  m e a n

c o n c e n t r a t i o n  to e s t i m a t e  t h e  t h i c k r ~e s se s  of t h e  i n t en f a c i a l  r e g i o n s .

We s e l e c t  the  d o wn s t r e a m  ed ge-s f o r  e x a m i n a t i o n  s inc e t h e y  ar e  some-

w h a t  c l e a n e r .  We e s t i m a t e  f r o m  a p p l i c a ti o n  of Tay lor ’ s h y p o t h e s i s

t h a t  the  d o w n s t r e a m  i n t er f a c e  is t yp ica l l y 9 mm t h i c k .  T h i s  can be

c o m p a r e d  w i t h  the  K o l m o g o r o f f  and B a t c h e lo r  l e n g t h s  as fo l lows:

F r o m  the  s p e c t r um  of the  veloc ity in the fu l l y tu r b u l e n t  reg ion of t he

j e t  we e s ti m a t e  t h e  K o lm o g o ro f f  l e n g t h  
~k 

to be 0. 14 mm. T h e

B a t c h e l o r  l e n g t h  is 
~ k

(Sc)
~~~ 

or  0 . 2 9  mm. T h u s  a t y p i c a l  i n t er f a c e

is f o u n d  to he 55 times the Batchelor length. T h i s  is c o n s i d e r a b ly

t h i c k e r  t h a n  t h e  e st i m a t e  of 8
~~k 

o b t a i n e d  by L aR ue  and  L i b b y
14

f o r  t h e  t h i c k n e s s  of t he  t e m p e r a t u r e  i n t er f a c e  in the  hea ted  w a k e .

- 

We i n t e n d  to r e p e a t  the  p r e s e n t  e x p e r im e n t  w i t h  the  h e l i u m  h e a t e d ;

in this case it will be of interest to compare the concentration and

temperatur e int erfa ce s and to es t ablish wh e t h e r  t h e  d i f f e r e n c e s
in S c h m id t and P r a n d t l  n u m b e r s  w i l l  r e s u l t  in d i s t i n g u i s h a b l e  i n t t - r -

fac e- t h i c k n e s se s .

23
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1 he reason for this inc rease~ in  r e - l a t  i v e -  t h i c k n e s s  is u n k n o w n ;  it

m , ey  he d u e  to  t h e  r e d u c t i o n  in  t h e  S c h m i d t  n u m b e r re l a t i v e  to  flit-

P n a n d t  1 n u m b e r  h u t  it  mi g ht  be expec t ed  t h a t  t h i s  s h o u l d  be-  as o’.: n t  c - t i

f o r  b y t h e ’  c o m p a r i s o n  of t h e  i n t e r f a c e  t h i c k n e s s  w i t h  the-  B a t e  i t - l o r

sca le  r a t h e r  t h a n  the  K o l m o g o r o f f  sca le .

IV.  CONC LU SI O N S

We find the downstream development of t h e -  t u r b u l e - n t  h i - l i o n - -i

j e t  to be in r e a s o n a b l e  a g r e e m e n t  w i t h  e a r l i e r  e x p e r i me n t s  of p l a n e

jets in moving streams. Although strict similarity clo -s not

appl y in t h i s  reg ion of j e t  flow , t u r b u l e n t  z o n e  s t a t i s t i c s  of concen-

t ration for the mean and r e l a t iv e  i n t e n s i t y d i s t r i b u t i o n s  r e s e m b l e

t u r b u l e n t  zone s t a t i s t i c s  of t e m p e r a t u r e  in t h e -  w ak e  of - e h e a t c - d

cy l i n d e r .

The  c o n d i t i o n e d  v e l o c i t y  s t a t i s t i c s show t h a t  t h e  n o n - t e i r b u l e ’n t

f l u i d  wel l  w i t h i n  t he  j e t  is m o v i n g  f a s t e r  t h a n  t h e  f r e e  s t r e a m

v e l o c i t y .

Di s t  r i b u t i o n s  t h r o u g h t u r b u l e n t  z o n e s  of v a r i o u s  d u r a t i o n s

o b t a i n e d  by r a n g e - d c o n d i t i o n ed  p o i n t  s t a t i s t i c s  show t h a t  e n t i - a i n m e - n t

a t  t h e -  u p s t r e a m  i n t e r f a c i a l  r e g i o n s  is d o m i n a n t , t h a t  t h e  c o n c e n t  r a t i o n

a n d  m o men t u m  i n t e r  fae: c -S c a n n o t  h i -  d i  st  i n - _ u i  s h e ’d . a n d  f i n a l l y t h a t

t h e  concentration i n t e r f a c e  is i - o n s i d e - r , i b l v  h i e - k e - r t h ~er i  t h~e t  i n f e r r e d

24
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from measurements of temperature in the wake of a heated cy li nder.

The findings relative to entrainment are cons ist e-nt w ith previous

results in that entrainment at the l e e w a r d  i n t e r f a c e  of t he  t u r b u l e n t

zone dominates.

r
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8. D i s t r i b u t i o n  of c r o s s i n g  f r e q u e n c y  (See Fi g u r e  7 f o r  s y m bo l

i d e n t i f i 5 . a t i o n )

‘). Unconditioned and turbule nt zone statistics for the velocity

See Figure 7 for sy mbol identification. Flagged symbols

i n d i c a t e  t u r b u l e n t  zone  v a l u e s  and r e f e r  to scale on r i gh t . )

a. Mean values

h . R o o t - m e a n - s q u a r e  i n t e n s i t y

c .  S k e w n e s s  ‘~

d. K u r t o s i s

10. U n c o n d i t i o n e d  and t u r b u l e n t  zone  s t a t i s t i c s  fo r  t he  c o n c e n t r a t i o n

of h e l i u m  (See F i z u r e s  7 and 9 fo r  s y m b o l  i d e n t i f i c a t i o n

a.  Mean  va lues

b. R o o t - m e a n - s q u a r e  i n t e n s i t y

c. Skewness

d. Ku rtosis

11 . lr rotational zone statistic s of the velocity (See Figu res 7 and 9

f o r  symbo l  i d e n t i f ic a t i o n )

a. Mean values

b. Root-mean-square intensity

c. Skewness

d. K u r t o s i s
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b. R o o t - m e a n - s q u a r e  i n t e n s i t y
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a. Mean values
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